A gene encoding the serotonin (5-hydroxytryptamine, 5-HT) receptor (5-HT-hpr) was identified from the sea urchin, Hemicentrotus pulcherrimus. Partial amino acid sequence deduced from the cDNA showed strong similarity to Aplysia californica 5-HT2 receptor. Immunoblotting analysis of this 5-HT-hpr protein (5-HT-hpr) with an antibody raised against a deduced peptide showed two bands. Their relative molecular masses were 69 and 53 kDa, respectively. The larger band alone disappeared after N-glycopeptidase F digestion, indicating the protein was N-glycosylated. Immunolocalization analysis showed that cells expressing the 5-HT-hpr (SRC) first appeared near the tip of the archenteron in 33-h post-fertilization (33 hpf) prism larvae. Their cell number doubled in 2 h, and 5-HT-hpr protein expression increased further without cell proliferation. SRC spread ventrally on the basal surface of the oral ectoderm in 36 hpf prism larvae, and then clockwise on the ventral ectoderm to the posterior region to complete formation of the SRC network in 48 hpf early plutei. The SRC network was comprised of 7 main tracts: 4 spicule system-associated tracts and 3 spicule system-independent tracts. The network extended short fibers to the larval body surface through the ectoderm, implicating a signal transmission system that receives exogenous signal. Double-stain immunohistochemistry with antibodies to primary mesenchyme cells showed that SRC were not stained by the antibody. In embryos deprived of secondary mesenchyme cell (SMC) by microsurgery, the number of SRC decreased considerably. These two data indicate that SRC are SMC descendants, adding a new member to the SMC lineage.
Introduction
Phylogenetically, echinoderms are basal deuterostomes (Lowe and Wray, 1997) . In this regard, it is important to understand the mechanism of nervous system formation in echinoderms since it will reveal the molecular mechanisms of nervous system evolution in deuterostome, including vertebrates that evolved an elaborate central nerve system and brain.
The nervous system in echinoderm larvae is comprised of the major neuronal systems present in vertebrates, such as cholinergic (Gustafson and Toneby, 1971; Ryberg, 1973 Ryberg, , 1977 Ozaki, 1974) , dopaminergic (Burke, 1983) , serotonergic Burke et al., 1986; Bisrove and Burke, 1987; Yaguchi et al., 2000; Yaguchi and Katow, 2003) , catecholaminergic (Nakajima, 1987) , GABAergic (Bisrove and , and SALMFamidergic (Thorndyke et al., 1992; Moss et al., 1994; Beer et al., 2001) . Differentiation and formation of the system involves such genes as, suPaxB (Czerny et al., 1997) , erect wing (Schaefer et al., 2000) , Hmxs (Wang et al., 2000) , sea urchin Wnt-5 (e.g. Ferkowicz and Raff, 2001) , and HpTPH (Hemicentrotus pulcherrimus tryptophan 5-hydroxylase gene, Yaguchi and Katow, 2003) .
The serotonergic nervous system is of particular interest here. It is the nervous system that is formed during early embryogenesis in the sea urchin at around late gastrula stage in Strongylocentrotus droebachiensis (Bisgrove and Burke, 1987) to prism stage in H. pulcherrimus (Nakajima et al., 1993; Yaguchi et al., 2000; Yaguchi and Katow, 2003) . It also comprises the serotonergic raphe system in the vertebrate brain that is hypothesized to originate in the larval brain (apical ganglion) of deuterostome invertebrates including echinoderms (Hay-Schmidt, 2000) .
Physiologically the serotonergic nervous system is involved in several basic brain functions of vertebrates, such as sleeping control, circadian rhythms, feeding and emotional states (e.g. Wilkinson and Dourish, 1991) , and serotonin receptors are widely distributed in the central nervous system in vertebrates (e.g. Hoyer and Martin, 1997) . In Mytillus, serotonin (5-hydroxytryptamine, 5-HT) is involved in regulation of the ciliary band beating (Murakami, 1983 (Murakami, , 1987 . Thus, it has been hypothesized that the ciliary band of echinoderm larvae is a functional precursor of the neural tube or central nerve system of vertebrates (Garstang, 1894; Lacalli et al., 1994) . The presence of a 5-HT receptor in echinolarvae has been suggested from several studies. For example (1) radio-labeled imipramine (5-HT antagonist) binds to early embryos of Arbacia lixula (Buznikov et al., 1988) , (2) radio-labeled 5-HT binding occurs from prism larvae of Arbacia punctulata (Brown and Shaver, 1989) , and (3) mouse 5-HT receptor mRNA arrested embryogenesis dose dependently when injected into Strongylocentrotus purpuratus (Cameron et al., 1994) . However, the identity of the 5-HT receptor gene and protein from echinoplutei or embryos is unknown, as is the molecular basis of serotonergic regulatory machinery, including ciliary band activity. So far, 14 5-HT receptors have been identified in mammals (Hoyer and Martin, 1997) , and 13 in invertebrates, such as from Drosophila, molluscs, and nematodes (Tierney, 2001 ). However, these 5-HT receptors have sufficiently diverged to now have different pharmacological properties from those in vertebrates (for review see Tierney, 2001 ). Thus, a pharmacological study in echinoderm larvae would not help to elucidate the presence and function of 5-HT receptor.
This study aimed to isolate the gene of 5-HT receptor that is a member of G-protein-coupled receptor family with 7 (in most of the invertebrates and the vertebrates) to 8 (in Drosopphyla) transmembrane regions and a G-protein coupling region in the structure (Tierney, 2001) , and raise anti-5-HT receptor antibody to find target sites of serotonin and biochemical properties of the 5-HT receptor by immunochemical means. We have cloned, and partially sequenced 5-HT receptor gene from plutei of H. pulcherrimus (5-HT-hpr, 5-HT-hpr for the protein). The immunochemical properties of the 5-HT-hpr, and the presence and developmental process of the 5-HT-hpr-possessed cell (SRC) network system in the blastocoel of plutei from H. pulcherrimus have been studied.
Results

Specificity of the antibody
The partial amino acid sequence of 5-HT-hpr deduced from its cDNA represented 162 amino acids, and showed homology to the G-protein-coupled 5-HT receptor 2 of Aplysia californica (Ap5-HT2) with highest score (E value ¼ 4 £ 10 234 ), and to great pond snail, Lymnaea stagnails, serotonin receptor at E value ¼ 8 £ 10 234 based on a BLAST search (Fig. 1) . A Gprotein-coupling region (Fig. 1, gpcr) has been found in the sequence that based on BLAST Search showed high homology to known G-protein-coupled receptors, such as of Drosophila, Fig. 1 . Amino acid sequence alignment of the region of 5-HT-hpr partially sequenced in the present study with 5-HT2 of Aplysia californica, 5-HT receptor of Lymnaea stagnalis, 5-HT-1Hel of Helosoma trivolvis, 5-HT-1A of Pongo pygmaenus, Homo sapiens and Rattus norvegicus,. 5-HT-hpr had highest homology to 5-HT2 (E value 4 £ 10 234 ) and then to 5-HT receptor of Lymnaea (E value 8 £ 10
234
). High homologies were seen at potential transmembrane regions (hydrophob) and G-protein coupling region (gpcr) among 5-HT receptors presented here. The amino acid sequence region used for raising antibody was unique among invertebrates (epitope). The partial sequence of 5-HT-hpr also showed two potential N-glycosylation sites (double underlined).
Lymnnaea, Helisoma, Pongo, human, Rat with 58, 70, 58, and 76% for the latter three mammals, respectively. This was characteristic property of 5-HT receptors that have highly preserved sequence of the region (Tierney, 2001 ). Homology at transmembrane region among animals listed in Fig. 1 was also high, implicating the presence of multiple transmembrane domains that is characteristic of known 5-HT receptors (e.g. Chan et al., 1994) . The amino acid sequence also contained two potential N-glycosylation sites (Fig. 1, double underlined) , implicating the presence of glycosylated form of the receptor. Regarding the high homology to Ap5-HT2, the present amino acid sequence may reside at 1/3 N-terminal side region of the entire molecule starting at near C-terminal end of second transmembrane region that is followed by two extracellular domains, three transmembrane regions and a cytoplasmic domain. Phylogenetic analysis to identify the subfamily of 5-HT receptor family to which the present gene belongs needs to wait until we complete the entire 5-HT-hpr amino acid sequence.
We have chosen a hydrophilic region comprising 16 amino acids predicted to have high accessibility for raising an antibody (Fig. 1, epitope) . Resulting anti-5-HT-hpr Ab bound to two bands at 53 and 69 kDa of H. pulcherrimus plutei (Fig. 2, lane 1) . These two bands were not detected under the presence of the immunogen peptide (Fig. 2 , lane 3), indicating that the signal represents the 5-HT-hp receptor protein. NPGase F digestion produced a single band at 53 kDa region alone (Fig. 2, lane 2) by immunoblotting, indicating that the 5-HT-hpr at 69 kDa was N-glycosylated. Immunospecificity of the antibody was examined also by immunohistochemistry. In 48 hpf larvae, the antibody located the 5-HT-hpr on the surface of mesenchymal cells in the blastocoel that formed an extensive major network (Fig. 2B) . The immunoreaction was not detected at all in the larvae that were applied the antibody with 1 mg/ml synthetic peptide used for raising antibody (Fig. 2C) , indicating the antibody binding was effectively inhibited by the synthetic peptide. Thus, the antibody binding was regarded to be specific to the epitope used for the synthetic peptide. Detail of the SRC network will be described later in the text.
Formation of serotonin receptor cell network during early development
Immunochemical expression of 5-HT-hpr was detected at low level by immunoblotting from unfertilized eggs to late gastrula stage (Fig. 3, lanes 1 -5) . The intensity of the immunoreaction increased considerably from prism stage toward 2-arm pluteus stage (Fig. 3, lanes 6, 7) . The double banding pattern of 5-HT-hpr at 69 and 53 kDa regions was retained throughout the developmental period implicating the consistent presence of N-glycosylated and non-N-glycosylated forms of 5-HT-hprs. This conspicuous increase occurred correlating with immunohistochemical appearance of serotonergic cells initially detected at prism stage (Yaguchi et al., 2000) .
Immunohistochemically, SRC were not detected in 31 hpf prism (Fig. 4A ). Initial appearance of SRC was restricted to the region at around the tip of archenteron in 33 hpf prism larvae (Fig. 4B, asterisk) . The number of SRC doubled in 2 h (Fig. 4C,D) , and further increase was associated with ventral spreading of anti-5-HT-hpr Ab-positive signal (5-HT-hpr-signal) in 35 hpf (Fig. 4D ) to 36 hpf prism larvae (Fig. 4E) .
The network formation of SRC became apparent immediately beneath the ectoderm from 36 hpf prism larvae. In the majority of prism to early pluteus larvae (in 21 out of 23 larvae examined), the posterior spreading of 5-HThpr-signal occurred clockwise from the right side of apical tuft region toward the posterior end of the embryo (Fig.  4F ,arrow,G). The spreading direction, then, returned anteriorly on the left side by 44 hpf early 2-arm pluteus stage to complete the ventral network formation (Fig. 4I ). Counter clockwise spreading occurred rarely (in 2 of 23 larvae counted). During formation of the initial SRC network period from 35 to 36 hpf prism stage, spreading of 5-HThpr-signal was not associated with the distribution of larval skeletal system. During the following period between 38 hpf prism stage (Fig. 4G ) and 44 hpf early 2-arm pluteus stage, 5-HT-hpr-signal spreading occurred along the larval skeletal framework (Fig. 4H , white curved lines). Initially, SRC spread by following the right oral rod and then the right body rod (Fig. 4G ). SRC network formed an intensive plexus on the dorsal side of esophagus in 44 hpf plutei Fig. 4 . Immunohistochemical detection of 5-HT-hp receptor cell (SRC) network formation during early embryogenesis. SRC was not seen in 31-h postfertilization (hpf) prism larvae (A). At 33 hpf prism stage, however, an anti-5-HT-hp receptor antibody-positive cell was seen in the blastocoele near the tip of archenteron (B, asterisk). The blastocoelic SRC spread from at around the tip of archenteron, and increased the cell number during the period from 33 hpf prism (C) to 44 hpf 2-arm pluteus stage (I). SRC spread on the immediate basal surface of the ectoderm (F). In major population of prism larvae occurred clockwise spreading of 5-HT-hpr signal toward posterior end of the body starting from right side of archenteron tip region (F, curved arrow). 5-HT-hpr signal spreading appeared to be reversed between frames (E) and (F), but this is due to orientation of observation. The orientation view was summarized in Fig. 5 . At around 36 hpf prism stage and after, the length of cell processes became considerable, and complexity increased (E-H). At around 38 hpf, SRC spread along oral rod (H, or) and then near the body rod (H, br). During spreading of 5-HT-hpr signal, branches of cell processes extended toward the midline of larval body (H,I, arrows), and form an intensive network at around the esophagus (H,e). 5-HT-hpr signal spreading is completed after making a circle on ventral surface at 44 hpf pluteus stage (I). The number of SRC was calculated using nucleus of SRC as a marker in 48 hpf plutei (I, inset arrows). at, apical tuft region; asterisks, around the tip of archenteron; e, esophagus; stm, stomach. (A-G), dorsal views; (H), right side view. Bars in (A,H,I) and (I, inset) show 30 mm. ( Fig. 4I , asterisk). Whether such 5-HT-hpr-signal spreading is associated with SRC migration was not determined. Thus, the spreading of 5-HT-hpr-signal did not directly address as the SRC migration in this study. At 48 hpf pluteus stage, the number of SRC attained 40.5^5.1/larvae which was nearly twice a larger number than that previously counted in 48 hpf larvae conducted based solely on the phasecontrast microscopy without using any specific molecular markers (Tokuoka et al, 2002) . Thus, the smaller number of blastocoelar cells might be due to overlooking of these cells located very close to the ectoderm. A summary of the 5-HThpr-signal spreading pathway is shown in Fig. 5 . The first SRC detected at around the tip of archenteron spread toward the vegetal plate with increasing number (Fig. 5A, arrow) . At, and after 36 hpf pluteus larvae, 5-HT-hpr-signal spread along the oral rod and reached the vegetal ectoderm ( Fig.  5B ,a, arrow). 5-HT-hpr-signal further spread toward the posterior region along the body rod that occurred initially clockwise on the vegetal ectoderm (Fig. 5B,b , arrow).
We tested the hypothesis that SRC proliferate during spreading toward the posterior region by use of BrdU from 33 hpf prism stage for 2 h. BrdU was incorporated mainly among cells in the wall of archenteron that was consistent with our previous observation (Katow and Aizu, 2002) , but not in SRC in prism larvae (Fig. 6, arrows) , indicating the increasing number of SRC is not due to cell proliferation. Thus, it was suggested that the signal that triggers 5-HT-hpr expression spreads among SRC precursor cells with the mechanism yet to be elucidated.
Histological distribution of SRC network
SRC fibers connected every SRC in the entire blastocoelic space in 2-arm plutei, and yet grouped to 7 major tracts based on histological localization. Four tracts of the network were closely associated with the larval skeletal system and the other three tracts were independent of the spicule system (Fig. 7, red) .
Spicule system-associated tracts
Oral rod tract. This was composed of anterior ( Fig. 7A , C, aror, alor) and posterior tracts (Fig. 7A ,C, pror, plor) that lined the anterior and posterior surfaces of the oral rods (Fig. 7B, pror, aror) , respectively. The anterior oral rod tract of SRC bent towards the anterior to join with the anal rodassociated SRC tract (Fig. 7B, rar) , and the posterior oral rod-associated SRC tract bent in the opposite direction, toward the posterior, to join with the body rod-associated SRC tract (Fig. 7B, rbr) .
Body rod tract. This was composed of tracts that were associated with the left and right anal rods (Fig. 7, lar, rar) and the left and right body rods (Fig. 7, lbr, rbr) . However, the anal rods and body rods were structurally a continuous entity. Thus, despite classical naming of these rods, they were actually comprised of a pair of single left and right rods. Body rod tracts were connected at the posterior end of larval body by forming a posterior pivotal region (Fig. 7A,C,D, brp) . A few SRC fibers entered to the ectoderm around the brp (Fig. 8B, arrow) . At the tip of larval arm, the SRC fiber(s) entered the ectoderm by close association with the spicule, and appeared to reach the apical surface (Fig. 8D, arrow) . Around the middle of the larval arm, a small number of SRC fibers entered into the ectoderm, and bent parallel to the apical surface (Fig. 8C , arrow).
Spicule system-independent tracts
Dorsal esophagus SRC plexus (DESP). This is the most intensively woven tract located on the dorsal side of esophagus (Fig. 7, desp) that expanded transversely to connect the right and left oral rod-associated SRC tracts ( Fig. 7A, lor, aror, pror) . The esophageal muscle ring (Fig. 7C,D ,yellow,E, green) was associated with SRC fibers in places on the basal surface (Fig. 7E, inset, arrowheads) , implicating a potential functional relation.
Oral lobe transverse cable (OLTRT). The second SRC tract that connected between right and left oral rodassociated SRC tract at oral lobe region (Fig. 7A,C,D,  oltrt) . The OLTRT located close to the serotonergic apical ganglion (Fig. 7A, green) and extended many fibers into the ectoderm around the apical gangion. Some of them reached the apical surface of the larva (Fig. 8A, arrows) , and also closely associated with the serotonin cells (Fig. 8A,  arrowheads) , implicating a functional relation between the SRC network and the serotonin cells.
Dorsal stomach plexus (DSP)
. This is the SRC plexus on the dorsal side of stomach (Fig. 7D, dsp) . This tract was associated with a dorso-central SRC tract (Fig. 7A,D,  dcc) , a tract that extended from DSP to a SRC cluster at a pivotal region of the body rods at the posterior tip of a larva (Fig. 7A,C,D, brp) .
Thus, the SRC network constituted a distinctive and integrative structure in the blastocoel of pluteus larvae, and frame of the network lined on the basal surface of larval ectoderm. The major SRC fibers that entered into the ectoderm at the apical ganglion region were associated with the ciliary band, suggesting the involvement of serotonin neurotransmitter in the regulation of ciliary beating. The SRC fibers that entered other ectodermal regions suggest the involvement of an SRC network in extra-embryonic signal reception. The SRC fibers around the esophagus muscle ring (Fig. 7E ) implicated the neuronal control of muscle. Further structural analysis between these tracts is under way.
Origin of SRC
The extensive network of SRC in the blastocoel led to the question whether the SRC are derived from the primary mesenchyme cell (PMC) lineage or the secondary mesenchyme cell (SMC) lineage. Double-stain immunohistochemistry conducted with anti-5-HT-hpr Ab and 5E12 mAb (a PMC-specific marker) showed that in 35 hpf prism larvae initial SRC was not stained with 5E12 mAb (Fig. 9B,  red) , indicating SRC is not a PMC descendant. In 48 hpf 2-arm plutei, the SRC and PMC-derived spicule forming cells co-localized along body, ventral transverse (Fig. 9D,  arrow) , and anal rods on the ventral side, and the oral rods, but then the SRC separated from these spicule systems to extend toward the oral lobe region (Fig. 9D, arrow) , and formed a intensive plexus around the esophagus (Fig. 9C,D,  asterisk) . SRC distributed along the body rods on the blastocoelic side of the spicule (Fig. 9D, double arrows) , whereas PMC-derived spicule forming cells located directly on the rod surface (Fig. 9D, green) . SRC shared the place with PMC-derived cells at posterior pivotal area of the body rods (Fig. 9C , large arrowhead) and anterior tip of the anal rods (Fig. 9C,D, small arrowheads) . A centro-ventral SRC network was distinctive from PMC-derived cells (Fig. 9D,  cross) . These double-stain immunohistochemistry results implicated that SRC are not derived from PMC, but from SMC.
To further test whether the SRC derived from SMC, the archenteron which supplies SMC (e.g. Ruffins and Ettensohn, 1996; Kominami et al., 2001) , was microsurgically deleted from gastrulation-1/2 completed gastrulae (Fig. 10A,B) . In these embryos, although the digestive organs differentiate, the number of pigment cells decreases considerably (Hamada and Kiyomoto, 2003) , indicating the microsurgical deletion of archenterons lead to decreasing in SMC-derived cells. In archenteron-deprived 48 hpf plutei, the number of SRC decreased considerably (Fig. 10C,D) , despite that the digestive tracts were formed almost normally, indicating SRC was derived from SMC. The present microsurgical removal of archenteron did not obtain perfectly SRC-free larvae with fairly intact digestive tracts as occurred in previous attempt to produce perfectly pigment cell-free larvae (Hamada and Kiyomoto, 2003) . This suggests that a small number of SMC precursor cells were left in archenteron-deleted embryos.
Discussion
The 5-HT-hp receptor
A large number of anti-5-HT receptor antibodies have been reported in vertebrates to locate 5-HT target sites, and to study development and function of serotonergic nervous system (e.g. Wu et al., 1998) . In echinoderm larvae, however, none have been reported despite increasing interests in the nervous system of this phylum (Burke, 1978 (Burke, , 1983 Nakajima, 1986; Burke et al., 1986; Nakajima, 1987; Lacalli et al., 1990; Nakajima et al., 1993; Hay-Schmidt, 2000; Yaguchi et al., 2000; Yaguchi and Katow, 2003) . Although the data do not exclude potential 0-glycosylation in 5-HT-hpr, the Mr of the smaller type was larger than those reported in the majority of mammalian 5-HT receptors that ranged from 357 amino acids of 5-HT 5 a, to 487 amino acids 5-HT 3 (Hoyer and Martin, 1997) . It is well within the range of those reported in invertebrates, 422 amino acids of Ap5-HT B12 from A. californica (Li et al., 1995) to 683 amino acids of 5-HT aCeL of Caenorhabditis elegans (Hamden et al., 1999) .
The heterogeneous glycosylation of 5-HT receptors was not reported in other invertebrates, but was seen in mice (Anthony and Azmitia, 1999) and rats (Zhou et al., 1999) , indicating that sea urchin 5-HT-hpr has similar molecular property to those of mammals. Since the present anti-5-HT-hpr Ab was raised against peptide, potential differences in the histological distribution of highly glycosylated types of 5-HT-hpr was not elucidated. However, the immunoblottings here indicated both types of 5-HT-hpr were expressed simultaneously during development, there may be no 'form shift' during development associating with the increasing number and the organization of SRC.
Formation of SRC network
Serotonin has been biochemicaly detected from the period during cleavage in Strongylocentrotus embryo (e.g. Gustafson and Toneby, 1971) , and an over expressed mouse 5-HT receptor perturbs spiculogenesis and gastrulation in S. purpuratus (Cameron et al., 1994) , implicating a morphogenetic role of the neurotransmitter (Toneby, 1973 (Toneby, , 1977 . However, immunohistochemistry does not detect serotonin until at and after prism or very late gastrula stage (e. g. Burke, 1986, 1987; Yaguchi et al., 2000) . According to the results of in situ hybridization and Northern blotting of tryptphan-5-hydroxylase (HpTPH), a serotonin synthetase, the enzyme transcription does not occur until prism stage in H. pulcherrimus (Yaguchi and Katow, 2003) . Consistent with above observations, radioactive serotonin binding assay in the embryos of A. punctulata shows that serotonin binding sites are also detected only after the prism stage (Brown and Shaver, 1989) . Thus, previous reports on the biological effects of serotonin before the prism stage are puzzling. However, Fig. 9 . Immunohistochemistry of primary mesenchyme cell (PMC) and 5-HT-hp receptor cell (SRC) shows that SRC is not PMC-derivative. PMC was stained with 5E12 monoclonal antibody (mAb). The mAb specifically recognized PMC in mesenchyme blastulae (A, green) and prism larvae (B). (C) Ventro-oral view of 2-arm pluteus. SRC network (red) at oral lobe region is formed without association with larval skeleton (arrow). Pivotal region of body rods (large arrowhead) at posterior tip of larva and anterior end of anal rods (small arrowheads) co-localized with PMC-descendant. (D) Ventral view of 2-arm pluteus. SRC (red) in 2-arm plutei extended on the blastocoelic side of body rod surface (double arrows), and on ventral transverse rod (arrow), and co-localized with PMC descendant at the anterior end of anal rod (arrowheads). In between two body rods, SRC solely formed a network without association with larval skeleton (X). Bars show 30 mm.
5-HT-hpr may be present maternally as shown here by weak immunoreaction before the cleavage.
Immunohistochemical appearance of SRC occurred in prism larvae at 33 hpf and after, and that was very close to the period when HpTPH transcription occurs at the apical ganglion area (Yaguchi and Katow, 2003) . The initial SRC was detected always near the tip of archenteron, and by that developmental period all PMC are integrated in the larval skeletal system as was clearly shown in this study, and the majority of SMC spread in the blastocoele or infiltrated to the larval ectoderm as pigment cells (e.g. Gibson and Burke, 1987; Kominami et al., 2001 ).
The present study also found SRC fibers inserted to the ectoderm at the larval arm and the posterior end of the larva, in addition to the apical ganglion region. Immunohistochemically they reached to the apical surface of larva, implicating the larvae are able to receive exogenous serotonin signal through the SRC fibers as was reported before (Yaguchi and Katow, 2003) . Close association of SRC fibers on the basal surface of the muscle ring around the esophagus may provide another molecular basis to the regulation of muscle contraction in addition to the previously reported SALMFamide-regulated mechanism in echinoderm (Elphick and Melarange, 2001 ).
The present study indicated that the increasing number of the SRC occurred after prism stage was not associated with cell proliferation. In the majority of larvae, the clockwise spreading of 5-HT-hpr-signal on the ventral ectoderm in the blastocoele (Fig. 4) occurred by a mechanism yet to be elucidated.
Origin of serotonin receptor cell
The mesenchymal component in the blastocoel is simple. It is comprised of a handful of cell types and organs. They include the PMC-derived spicules, and SMC-derived coelomic sac cells, muscle cells around the esophagus, and uncharacterized blastocoelar cells (e.g. Ruffins and Ettensohn, 1993; Ettensohn and Sweet, 2000) . PMC descendants share a cell surface-specific protein (e.g. P4 protein, Matsuda et al., 1988; Shimizu-Nishikawa et al., 1990) that is detected by the 5E12 mAb. The present observation that SRC did not bind 5E12 mAb showed that SRC are not PMC-derived cells, and that instead they must derive from SMC.
SMC precursor cells reside in the vegetal plate within the 4th concentrical row from the central 8 PMC precursor cells in the blastula stage, and all of them are included in the archenteron forming cells (Ruffins and Ettensohn, 1996) . SMC ingress from the tip of archenteron during gastrulation (e.g. Horstadius, 1975; Tamboline and Burke, 1992; Kominami et al., 2001) . Thus, to ensure that SRC derives from SMC, it is a rational approach to delete archenteron in gastrulae by microsurgical means and examine SRC differentiation in these larvae.
In the embryos whose archenterons was removed at gastrulation-1/2 completed gastrula stage, the number of pigment cells decreases considerably and yet the tripartite digestive tract differentiate (Hamada and Kiyomoto, 2003) . This SMC-deprived embryos still make a majority of endodermal cells and form the digestive organ. The present study detected a considerably decrease in the number of SRC in these larvae, and thus indicates that SRC is derived from SMC. Although the origin of the blastocoelar cell has been described based on morphology including the way they spread in the blastocoel after ingression from the tip of archenteron (e.g. Tamboline and Burke, 1992) , their molecular property has been unknown. Thus, the SRC is a new cell type characterized among the blastocoelar cells. We do not know yet whether, except PMC-derived cells, all the blastocoelar cells have 5-HT-hpr on its surface, but a substantial proportion of blastocoelar cells had the protein.
It is also potentially important that SMC produces nervous system-related cells that formed downstream of neuronal signal transduction pathway that is initiated, at least, at the ectoderm-derived serotonin cells (e.g. Yaguchi et al., 2000) . The present finding that SMC produces neural systemrelated cell descendants is not unpredictable, because other nervous system-related genes, such as glial cell missing (gcm) has already been reported in SMC (Davidson et al., 2002) .
Experimental procedures
Gametes of H. pulcherrimus, were obtained by blastocoelic injection of 0.5 M KCl. Fertilized eggs were incubated in filtered sea water (FSW) on a gyratory shaker in an incubator at 18 8C.
Cloning of 5-HT receptor (5-HT-hpr) and its partial sequence
Total RNA was obtained from 60-h post-fertilization (60 hpf) plutei with ISOGENE (NIPPON GENE, Tokyo, Japan). Poly(A)
þ RNA was extracted from total RNA by Oligotex dT-30 SUPER (TAKARA, Otsu, Japan). Singlestranded cDNAs were made from the poly(A) þ RNA by reverse transcriptase, Super Script II (Invitrogen, Tokyo, Japan) using oligo-d(T) primers (Invitrogen). Four degenerate primers were prepared according to the amino acids sequences of serotonin receptors in human, Aplysia, and Lancelet, as follows: SRf1 and SRr1 were used for the first polymerase chain reaction (PCR), and SRf2 and SRr2 were used for the nested PCR with the first PCR product template. After agarose gel electrophoresis, a single band around 800 bps was cut from the gel, and ligated to pGEM-T Easy Vector (Promega, Madison, WI, USA). Sequence analysis was conducted using a BigDye terminator cycle sequencing kit with a DNA sequencer model 310 (PE Applied Biosystems, Tokyo, Japan).
Raising antibody
We have chosen a hydrophilic 16 amino acid sequence that is predicted to be exposed on plasma membrane. The peptide was synthesized, and covalently linked to keyhole limpet hemocyanin (KLH peptide) through the cysteine added at the N-terminal end. The KLH peptide was dissolved in Gerbu adjuvant 10 (GERBU Biotechnik GmbH, Gailberg, Germany), and injected into the intraperitoneal cavity of three mice at 150 mg per mouse. The inoculation was repeated four times with two-week intervals. Before the final inoculation, tail bleeds were taken from the mice, and antibody development was examined with immunohistochemistry and immunoblotting that showed mono-molecular specificity. All three mice have developed anti-5-HT-hpr antibodies (anti-5-HT-hpr Ab) that recognized two bands at around 69 and 53 kDa regions in immunoblotting. They were injected with SP2 myeloma at 10 7 cells per mouse for raising ascites that was collected by syringe needle on 10 days after the injection, and prepared accordingly.
Whole-mount immunohistochemistry
Embryos of H. pulcherrimus at prism stage (at 31, 33, and 35 hpf), and early pluteus stage (at 36, 44, and 72 hpf) were fixed in 4% paraformaldehyde in FSW for 3 h, dehydrated in ethanol, and stored in 70% ethanol in refrigerator until use.
To locate 5-HT-hpr, the samples were hydrated through decreasing concentrations of ethanol, washed twice in 0.1 M phosphate-buffered saline (PBS), and incubated with appropriate antibodies: anti-5-HT-hpr Ab (diluted 1:300 in PBS), 5E12, a PMC-specific monoclonal antibody (mAb, diluted 1:100 in PBS), and rabbit anti-sea urchin tropomyosin antibody (Ishimoda-Takagi et al., 1995) , dissolved in 1% (w/v) bovine serum albumin (BSA) in PBS overnight at 4 8C. To examine specificity of anti-5-HT-hpr Ab, the antibody was applied with 1 mg/ml synthetic peptide used for raising the Ab. The primary antibody was visualized with 1:200 diluted tetramethylrhodamine isothiocyanate (TRITC)-labeled goat anti-mouse IgG (H þ L) antibodies (Jackson Immuno Research Laboratories, West Groove, PA, USA) or with 1:500 diluted Alexa Fluor 488-labeled goat anti-mouse IgG (H þ L) antibodies (Molecular Probes Inc., Eugene, OR), examined under a Nikon epi-fluorescence microscope (Nikon Corporation, Tokyo, Japan), and photographed with an Olympus Camedia C-3030ZOOM digital camera (Olympus Optical Co. Ltd, Tokyo Japan). The data were imported into Photoshop image software, and pseudo-colored.
Counting the number of SRC
The larvae at 48 hpf pluteus stage were stained with anti-5-HT-hpr Ab as stated above and counted the number of nuclei of anti-5-HT-hpr Ab-positive cells in gently squashed larvae on the glass slides to be able to examine all SRCs in 12 larvae.
Immunohistochemistry on Polywax sections
To examine mesenchyme blastulae and 2-arm plutei in detail, aliquots of embryos fixed as stated above were embedded in Polywax and sectioned with a microtome at 6 mm, dewaxed three times in pure ethanol (15 min each), air dried, and blocked with 1% BSA in PBS for 10 min. These samples were treated with anti-5-HT-hrp Ab and then with rabbit anti-sea urchin tropomyosin antiserum (1:200 diluted in PBS, Ishimoda-Takagi et al., 1995) for 2-arm plutei. The primary antibodies were visualized with TRITC-labeled goat anti-mouse IgG (H þ L) antibodies (Jackson Immuno Research Laboratories) or fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit IgG antibodies (Jackson Immuno Research Laboratories) for 1 h after washing the primary antibody in PBS three times (10 min each). The samples then were washed three times in PBS, and examined under a Nikon epi-fluorescence microscope. Photographs were taken using a digital camera, and pseudo-colored by Photoshop image software.
Immunoblotting
Unfertilized eggs, eggs 30 min after fertilization, embryos at mesenchyme blastula, early (gastrulation completed at less than 1/3 of full length of archenteron) and late gastrula stages (gastrulation completed), prism, 2-arm and 4-arm pluteus stages were solubilized with lysis buffer, respectively. The samples were precipitated with 75% (v/v) ethanol cooled to 2 30 8C, dehydrated by washing twice with the cold ethanol, and vacuum dried. The dry powder samples were stored at 2 50 8C until use.
The dry powder of each sample was dissolved in SDS-PAGE sample buffer at 500 mg/ml or 1 mg/ml, loaded, and separated on 10% SDS-PAGE slab gels under reducing condition using the methods of Laemmli (1970) , and electrophoretically transferred to nitrocellulose filters (Schleicher and Schuell, Dassel, Germany) according to Towbin et al. (1979) at 400 mA for 2 h at 4 8C. The nitrocellulose blots were blocked with 5% (w/v) BSA or 5% (w/v) skim milk in TBST (0.05 M Tris-HCl (pH 7.0), 0.15 M NaCl and 0.05% Tween-20) for 1 h. The blots were incubated for 2 h with anti-5-HThpr Ab (1:1000 diluted), or 5E12 mAb (1:30 diluted). The secondary antibodies, an alkaline phosphatase (AP)-labeled anti-mouse IgG goat antibody (Promega Madison, WI, USA), was applied at 1:7500 diluted in TBST. The immunoreaction was visualized with nitrobluetetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP, Promega) according to manufacturer's protocol. To examine specificity of the anti-5-HT-hpr Ab, the 48 hpf plutei sample was blotted, and applied 1 mg/ml KLH peptide in 1:1000 diluted antibodies for competitively inhibiting the antibody binding substituting plane anti-5-HT-hpr Ab. Immunoreaction was visualized as stated above.
N-glycopeptidase F (NPGase F) digestion
The partial amino acid sequence of the serotonin receptor implicated the presence of N-glycosylated sites. To examine potential N-glycosylation of 5-HT-hp receptor, 48 hpf plutei were solubilized in a lysis buffer (6 M urea, 1% Nonidet P-40, 10 mM Tris-HCl, pH 7.6), precipitated in final 75% cold ethanol overnight, washed three times with cold pure ethanol, and vacuum dried (powdered sample). The powdered sample was digested with NGPase F as was described before (Kanoh et al., 2001) . Briefly, the powdered sample was dissolved in denaturation buffer (0.5% SDS, 1% 2-mercaptoethanol) at 1 mg/ml for 10 min at 100 8C, and then mixed with 1/10 volumes of 10 £ Reaction buffer (0.5 M sodium phosphate, pH 7.5), 1/10 volumes of 10% Nonidet P-40 with or without 1/10 volumes of NGPase F (50 units, Sigma-Aldrich Co. St Louis, MO, USA). The mixture was incubated at 37 8C for 2 h, and the reaction was stopped by adding an equal volume of 2 £ sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer with 2-mercaptoethanol, and heated at 100 8C for 5 min. The digestion was examined by immunoblotting using anti-5-HT-hpr antibody.
5-Bromo-2-deoxyuridine (BrdU) incorporation
To examine cell proliferation, embryos at 33 hpf prism stage were incubated with 2 mM of BrdU (Sigma Chemical Co. St Louis, MO, USA) for 3 h, the period in which the number of 5-HT-hpr presenting cells increased most rapidly. Incorporated BrdU was immunohistochemically detected following the technique previously described (Yaguchi et al., 2000) . Briefly, after the incubation with BrdU, the embryos were fixed with 4% (w/v) paraformaldehyde dissolved in FSW for 1 h, treated with 2 N HCl for 2 h after washing with 0.1 M PBS for 30 min. The samples were then blocked with 5% BSA for 1 h, and incubated with antiBrdU mouse antibody (1:250 diluted in PBS, Sigma Chemical Co.) overnight at 4 8C. The primary antibodies were detected with FITC-labeled anti-mouse IgG goat antibodies (1:250 diluted: Jackson Immunoreaction Laboratories, West Grove, PA, USA) for 3 h, and then the samples were stained with anti-5-HT-hpr Ab and visualized with TRITC-labeled anti-mouse IgG goat antibody as above. The double-stained specimens were examined under an epi-fluorescence microscope, and photographs were taken with phase-contrast using a digital camera as above. The images of immunofluorescence and phase-contrast were then overlain.
Microsurgical deletion of archenteron
Prior to microsurgery, gastrulation-1/2 completed gastrulae were deciliated by incubating in double strength artificial sea water (2XASW, Jamarine U, Jamarine Laboratory, Osaka, Japan) for 1-2 min. The deciliated embryos were placed in micromanipulation chambers filled with ASW, and their archenterons, where SMC form (e.g. Kominami et al., 2001) , were removed. These embryos were transferred to plastic plates filled with ASW, cultured until the control embryos reached to 48 hpf pluteus larva stage, and then fixed in 4% paraformaldehyde in FSW as was stated above. The samples were processed for SRC immunohistochemical staining as above.
